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FLOW OVER REEFS AND STRUCTURES BY WAVE ACTION *

by
Osvald $ibul

Abstraot

The discharge of water ocaused by wavs aotion cn reefs and struoturss
with impermeadle uniformly sloping sides wes messured for various elevations of
orest with respect to the still-water level. The experiments were ocompleted for
side~-slopes of 132 and 133 and for smooth and rough surfaces of the barrier. The
wavo slieepness, E/i, and the relative depth, d/L, were used as parsmeters and di-
mensionless plots were made for the discharge, (QT/hz), as a funotion of relative
ele7ation, h/k, of the orest of the barrier.

Introduotion

The orests of natural recfs generally are at or below the mean t'de level.
It has long baen obssrved that waves breaking over a reef wili "pump" water over
the resf -- this water then usually flows along the lee side ¢f the reef and re-
turns to the open sea through a gap or inlet. In times of "high" wave action
ths curreats through such inlets may be relatively large and even make naviga=
tion of surface orafi quite hazardous,

In the oase of man-made structures such as levees and dikes, the orests
are located well above the maximum expected high water., Extreme tides, wind
tides, or flood conditions, however, may raise the water stage to such a level
that wave sction on the windward side might cause wave run-up tc be excassive
and pumo an appreciable quantity of watar cver the struoture and thereby osreate
a flood condition in the araa protooted by the structure. A disaster of this
type oocourred in Holland and Great Britain in February 1953 where the loss in
oroperty and human lives was enormous. Suoh structures must be designed to
withstand not only the statio, dynamio and erosive foroes, but the orest eleva-
tions also must be suffioiently high to prevent overflow of water by wave aotion.

Thore appears tc be iittles data availabls to psrmit e prediction of wave
rup-up on shore protection struotures under a wide variety of oonditions; the
available informetion indicates, however, that wave run-up might amocunt to twioe
the wave height or sometimes even more (Gremthem, 1953). Considering high tide
ranges for some areas, and considerable wind tides (Keulegan, 1951; and Corps
of Engiusers, 1951), it is posasible that very high struotures may be necessary
for some lootlities in order %to pravent overtopping. Cuch high struoturss
usually are very expensive and a reduction of design height by only a foot might
result in considsrable savings in oonstruotion costs.

As in the case of wave run-up. there is little informsation aveilable
on the quantity of water that might be pumped over various types of struotures
by wave aotion. The first experiments in this direotion were campleted b;-

* presented at the Pacifioc Southwest Meeting, American Geophysical Union,
29 and 30 January 1954.
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Saville and Cladwell (1953) for & vertiocal facsd seawall. The results probably
will not apply for other types of structures. To £ill this gap in our knowledge,
the series of tests deesoribed below were performed in the Wave Research Lab-
oratory of tha Unjversity of Celifornia. The “ests were conducted on structures
with & uriformly sloping impermesble face. Two different side-slopes were in-
vestigated (namely 1;2 #ad 133) under a variety of wave conditions. The results
are given as dimensionless plots of the variables imvolved.

Laboratory Equipment and Proocedure

The sxpariments were conduocted in a glass-walled wave ochannel 1 foot
wide by 3 feet deep by 60 feet long. Waves were genarated by e flapper type
generator mountsd at one and of the channel. Both the amplitude and the periocd
of the flapper movement were adjustable. The psriod oould be varied between
epproximately O.4 seoonds and 2 seoconds, mnd the maximum wavs hLoight was about

aoigy

0.6 foot. The water depth during all exporiments was 1.69 feet.

The model wrs located approximately 45 feet from the wave generator and
wag built in the form of a sheet-iron box as shown in Fig. 1. The front end
of the model, representing the struoture, oorsisted of a sloping board, The
slope of the board ocould be varied by rotating it around point A (Figure 1),
aad the orect elevstion of the struoture could bs placed et various positions
above or belcw the still-water level., Special ocare was taken tc seal all the
oracks batween the struoture and the ochiannel walls, so that water ciroulation
could not oocur. Ths roughness of the structure was varied by using different
pletes fastened on ths surface of the sloping board. The smooth surface was
represented by a smooth alumlnum sheet, while for a rough surface transverse
wood strips were fastened to the aluminum sheet (zee Figure 2). The relative
roughness was found to bs equal to 0.036 foot for the smooth surface and 0.13
foot for the rough surface (Johnson, 1944).

Water which was pumped over the structure by wave aotion was caught in
a measuring tank, and the discharge was dotermined gravimeiriocally. The tank
wa3 arranged so that tho water passing over the struoture could be diverted
either into the msasuring tank or intc a waste area. The arrangament was ne-
cessary to permit the measurement of discharge for any ochosen wave group or
for a fixed length of time. The handle of the diversion flap was arranged so
that a oontaot to an eleotrically operated olock wes closed the moment the flap
wes opened to the moasuring tenk and the oontast out again when the flap was
closed. This arrangement enaebled a very acocurate time measurement. The olook
was graduated to give e least readirg of 1/100 of a sscond, The water in the
waste tank was returned to the ohannel at the hackside of the model by means
of an auxiliary pump whioch opsrated ocontinuously. This water sould return
again to the main ochannel and thereby mairtein the depth of water tharein a
oonstant. A wuve absorber was placed between the struoture and the measuring
tank so that the fiow over edge C (Fig. 1) would be more regular and not af-
feoted by the turbulence of the breaking waves. The absorber also was par-
tioulsrly important for the oase where the edge B of the struoture was below

At 22 1T radaw Vawald
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The wave heights and periods were measured about two to four wave
lengths seaward of the struoture. Wave neights were measured by a double wire
resistance elemsnt and & Brush recorder.
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Prooedurey 7Ths struoture was given a desired slope, 6, and the edge, B,
set to a certain height, h, above (cr below) still-watsr level. The distanoce,
h, was taken as positive when the crest of the structure was sbove the siill-
water level, and as negative when btelow the still-water level. The average value
for h was obtained by measuring the elevation with a point gage at at least
three locations across the channel. In order to permit oquilibrium oonditions
to exist after starting the wave generator, the water pumpsd over the struc-
ture by the first three or four waves wes diverted to the waste area and then
the measurement of water pumped was made of the following 3 to 10 waves aoc-
oording to the ocapaoity of the measuring tank. Special care was taken to limit
the measursment to the time before reflected waves frcm the struocture ocould
reasch the generator and return to the struoture. After the wave generator was
stopped, the volume of the pumped water, the number of waves aocting on ths
structure and the duration of the measurement as obtained from the electrically
operated olook were recorded. The measurements were repeated five times for

each oondition. In general there was very little difference in measuremente
bstween the runs made under the same oconditions. The wave heights and periods
were obtained fram Z:rush records, disregarding the first three or fuur waves

and thoss waich coourred after reflection effeots becams noticeable. By ox-
anining the wave records it was relatively easy to recognize the point where

the reflestion from the atruoture started to ochange the wave characteristios.

The wave‘ heights and periods as used represent the wave condition in the given
depth of water as though no structure was present. A set of experiments

usunlly was started with the crest of the stiructure approximately one wawve

height below the still-water level, and the orest was raised for the following
runs in insrements of approximately 0,05 ft. until a height, h, was reached

wheya no appresiable overtoppiuyg of the structurs ocourred. Usually 40 to 650
single runs were oompleted for each set of experiments. Before startiing each
suocceeding run tho water surface was permittsed to quist complstsly.

The general test procedure was to select a given wave condition (H and T
held constant) and then measurs the discharge of water pumped over the struc-

ture for various elevations, h, of the crest. Tests were oconductsd undsr
the folilowing wave conditions:

1. For a oonstznt wave steepness H/L of about 0.055, tests were made
vith d/L values of 0.3%39 and 0.589. The discharge passing over
the struoture was determined for several relative crest eslevations,
h/H. '

2.

Por a oonstant relative depth d/L of 0,236, tests were made with
wave steepncsses E/L of 0.0108, and 0.0182, and 0.0293. Here again

the discharge passing over the structure was determined four several
relative creat elevalions, h/H

For each of the above wave conditions tests were made with face slopes of 142
and 133 and with both smooth and rough surfaces. A summary of teat corditions
i) 23 dn ) Tabisan The sxperimentel dets from the wvarions rung ara plotted

T Ee v e -
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in Pigures 3 and 4. o
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Experimental Results

A oonsidsration of the various terms shows that the following dimension-
less groupings can be used to represent the
over the structure end the othsr wvariabless

1%/5°

relationship between the watier passing

£(h/8; a/L; B/L; ©)
where

water passing over the structure by wave action in ofs
par foot of struoture (ft2/sec.)

wave period in seoonrds
wave length in feet
wave height in feet

elevation of the siructure in fest above (or helow)
the still-water level.

® = slope of the struoture

rHrag £

To domonsirats ths relative effsct of the variables, the test data are summarized
in Figs. 3 and 4. Figs. 3 a-b and 4 a-b show fcr slope 132 and 1313 respsctively.
the rats cf overcopping ax a funotion of orest height for two wvalues of relative

depiti aud & constant wave steapnesa. Tigs. 3 o~e end 4 o=z show the rate of over-

topping as a runction of orost height for three wave steepnesses and a constant
relative depth.

The &f of the reslative crest elevation of the structure above or
low the sti 1*3&3 57 2evel is demonstrated in Figs. 3 and 4. Smootia curves
have besn drawn for all the various test oconditions. In gsmeral the shape of
all the ourves is very similar. The muxlmum overtopping seems to ocur when
ths orast of tuw scructure is slightly above the still-water ievel with an aver-
ags value of h/u approximately 0.2. From this po*nt on, the amount of overtop-

ping water decreases as the orest of the structure is placed further below the
still-water level.

These results apply naturally only for the conditions where
the still-water level is at the seme elevations on both =iz 7 +ha gtvuaturaes,
whioh is 4ths omse for most harbor protection structures, reefs, <to. The oon-
ditions where there is no water on the lee sids cf the structure would bLe the

oase of flow over a wair sombined with surface wrve action, This condition has
been treatsd previcusly by Gibson (193C).

As oan be seen in P gurss 3 and 4, the ro

rougnness of the face of a
strusture has a oonsiderable affact an the amount of overtopping water. At tha

maximuw rate of overtopping, the rough surface results in an epproximatsly 2
percent less amouvnt than for the smooth surfana. For higher valuses of h/ﬁ

this percentage 15 aven higher. In gemeral, the empirical curvez indiocate that
the rate of overtopping on & structure with reletively rough sides msay be S0
perocent lcwsar than on that with smooth sides. In the case whers the edge of
the struoture is beluw the still-water elevation, the roughness doos not in-
fluenoce the results eppreeiebly. Tt seamz aven that in this region the rough
surface results in higher cveriopping for same cases. This seems to be liogical,
for & rough surfaos prevents *he backtf'low of water mare thar = smootn surfase,

Relative depth of water: o/

35 aisc a feantor which mould influanse
the rate of flow over a resf or strusture by wars action. The

&pness of

(40

=

[4]]
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the waves approaching shallow water depends coxn the relativs depth of the water,

and so doas the oritiocal stespness given by the formulag

(B/L)oritton1 = 2.140 tanh 2%d/L
A wave which is near the aritical steepness for brsaking can be easily "trippsd"
end mede to break by any outside disturbance., The loocatior of the breuking
poict was found to be an important factor in the overflow by wave overtopping.
Yhen the wave broke just over the edge of the structure, the discharge caused by
wave overtopping we.s relstively high. On the other hand, when bresking occurred
before the wave reachsad the etruoture, considerable energy was lost and the
disocharge by overtopping was relatively small.

Wave steepnessg To compare the results obtained under various wave
steepnesses, but with a constant d/L, the surves from Figures 3 o-e and 4 u-e

were replotted im Figure 5. A comparison of the various ourves shows that the

maximum reate of overtopping gererslly was greatest for the waves gf.‘ suall steepnessa.

This 18 more evident in Figure 6 where the maximum veluee of QT/H® asz obiained
from the ourves in Pigure 5 are plotted as a function of wave steepness, H/L.
These ourves indicate an inersasing value for the

the wave steepnues dacreases, There appears to be & certain wave steepness which
results in a maximur value of {QT/H%),.y. , however, considerably mors data ~rs

necessary to draw more defirite conclusicns. Figure 6 indicates elsoc a higher

discharge of weater for & structuro with a zide slopa of 1:3 than for one with
a slope of 132,

TS run-une Tc supplemeant the previous woerk on wave run-up by
Granthem (15%59), have been obtaired from Figures 3 and 4. Wave run-up in
this instance was equal to ths eleovation of ths crest of the structure when the
latter was Just high erough tc prevent overtoppinge Thus, for ths data nhown

in Figures § and 4 the wave .run-up was computod from the reiative crest eleva~

tion, h/H, at the point where the ourve showad a zers discharge by cvertopping.
The computed values aré picttad 1, Filgure 7 as a function of wave stsepness,

s, for slopss 1:2Z and 135 and for smoceth and rough surfasces of the structure.
Figore 7 indicates that there 1s = oriticxl

icxl wave steepness whichk results in
the highest n-up of the waves. The wave steepness determines the breaking

‘point, snd wher bresking vecurs just at the edgs of the structure the run-up

is & waximim. When the bresking point moves seaward, the run-up decreases.
Thon the waves dc not break or ths zirusture, the run-up decreasss again with

2 decraasing wave steepnczs, aad it 1s sxpeotsd that it would reach the Ralf
waves height for very long waves (such a3 the tide). T™is is confirmed alsos by
the fast that the curves in Figure 7 indicate a trend toward the valus h/H = 0.5
for zéerc stespness. Figure 7 indicates aiso thet there iz a2 differeunt critisel
staepness for differsnt structures.

For the slops 1:2,this oritisal }'i,/‘ e lus
is higher thean for a 1:3 slope for the given wswre condition.

&5 shown In Pigure 7, the roughnsss of the ztrusinre zlszo haz ap im-
pordant bssriag oun the wave run-up. Thus run-up 15 zbowt 30 perceni higher for
a smoobh surfacs o comparald

weldh @& wemve sl v S
e TSONLPOarrST WiTh & rou Surrascae.

Within the limits of the experiments on uniformly sloping impermeable
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struoturas, it is oconoluded that:

1. Por a given relative height of a structure and a given relative

depth, the overtopping of water caused by wawn action is largest
for the structure with a smooth fe.e.

2. The maximum rate of overtopping oocurs when the structure is ap-

proximately 1/5 of the wave heignt above the sztill-weter level,
provided ‘hat the still-water level is at the same elevation on
both sides of the strusturs.

roughness, the maximum rate of overtopping decreszsss as the wave
stespnass inoreases.
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